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Abstract
-~ A modified Varian Genll. molecular beam epitaxial deposition system was
installed and preliminary performance tests have indicated its suitability for
growing binary and ternary III-V alloy semiconducting layers. Gallium
arsenide layers grown with this MBE system have electrical properties which
compare Yg}l with tho§e of the best layers grown elsewhere. One 50 layer
GaAs/é:;AI;;;A; (IGOK”k?;er layer thick) superlattice was used to test the
usefuiness of the MBE system for the synthesis of conventional heterojunctions

-

and super]gttices. Preliminary results have been obtained

<ok 3 Sob 2.53
with Gq9147IQOJS3As epitaxial layers whose lattice constant matches exactly
that of their InP substrates. Work is underway on the synthesis of the

ternary alloy layers and heterojunctions whose lattice constants match that of
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Introduction

Semiconducting Ga0.471n0.53As layers whose lattice constants match that
of semi-insulating InP are, potentially, useful for discrete and integrated
circuit microwave transistors and opto-electronic sensors compatible with the
low loss, low dispersion spectral window of optical fibers. Their
implementation requires evaluation, modelling and interpretation of the
surface and interfacial properties of this ternary.semiconducting compound in
terms of fundamental physical parameters.

The projected application of Ga0.471n0.53As keep on expanding. They now
include field effect transistors with insulated gates, junction gates and, at
least potentially, modulation-doped transistors similar to those based on two-
dimensional electron gas phenomena in GaAs-based heterostructures made by
molecular beam epitaxial techniques. In addition to the electro-optic
detector applications for 1.3 to 5.3 um (in wavelength) planar
photoconductive detectors based on the compensated semi-insulating material
described in our invention disclosure were developed at the Lincoln
Laboratory, Lexington, Ma. Quantum efficiencies of the order od 40% in the 1
to 1.6 um spectral range and speeds of 50 to 90ps were obtained with these
devices. MBE techniques are particularly well suited for making single and
multiple heterojunctions grown on semi-insulating or conducting substrates
with controlled doping concentrations and interfaces. Such heterojunctions
are used at this time for solid state lasers, photodetectors and research is
underway to apply them for bipolar high-speed transistors. The theoretical
aspects of heterojunction interfaces are to a large extent not known or
understood; most of recent experimental verification of theoretical
predictions have concentrated on the GaAs-GaAlAs heterojunction system because

a great deal is known about the synthesis, interfacial properties and impurity
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doping with both donors and acceptors of this system. However, the
availability of the two ternary alloys: In0.52A10.48As with a fundamental room
temperature bandgap of 1.47 eV and Ga0.471n0.53As with a bandgap of 0.765 eV
lattice matched to InP with a bandgap of 1.34 eV provide a greater range of
heterojunction choices. The relations between the fundamental bandgaps of Si,
Ge and III-V compound binary and ternary alloys and their corresponding
lattice constants are illustrated in Fig. 1. é
Many of the proposed heterojunction device applications require a good

understanding of band offsets. For example: a heterostructure equivalent of a

photomultiplier such as proposed by Williams, Capasso and Tsang [IEEE Electron

Dev. Lett. 3, 71 (1982)] requires a highly assymetric band lineup with a
conduction band offset which is larger than the fundamental bandgap of the
narrower bandgap semiconductor and a valence band offset which is as small as
possible. This requires a reasonably quantitative prediction theory of band
lineups. Neither experimental data, nor sufficient empirical information is,
as yet available to provide full confirmation of proposed theoretical
concepts. Although substantial progress is being made no completely reliable
theory, starting from first order assumptions is, as yet, available. The
choice of a particular semiconductor pair for heterojunctions is also
dependent on their compatibility with other desiderata for electronic device

applications.

¢
»

Experimental evidence is accumulating that the band offsets are

SN

F;; technological process-dependent; that to some extent, at least, they depend on
‘.'. the heterojunction growth procedures and crystallographic orientations. It
tz? appears, furthermore, that in the case of multiple heterojunctions those grown
:‘.’E{ initially are different from those grown subsequently.

!% The overwhelming majority of all semiconductors employed for
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heterojunctions are those based on the A]xGal_xAs-GaAs system in which very
good lattice matching is obtained over the entire compositional range.

The Ga.47ln.53As/A1.481n.52As material system is analogous to

GaAs/Aleal_xAs in that both systems consist of a lower bandgap, high
electron mobility, material which is lattice matched to a higher bandgap
material. '

Field effect transistors made from modulation doped
Alo.481n0.52As/Ga0.47In0.53As lattice matched to InP are likely to have
superior performance at high frequencies and the microwave range compared to
conventional devices. Mobility of elettrons in Ga0.471n0_53As at all doping
levels is 50% higher than that»in GaAs. E]ectr?n saturation velocity in doped
MESFET channels has been found to be lat least 25% higher than that of GaAs.
Modulation doped AlInAs/GalnAs heterojunction MODFET's with ~ 1 micron source-~
drain spacing might have a more than 2 x 107cm/s mean electron velocity at
300°K, compared with the 1.6-1.8 x 107cm/s for AlGaAs/GaAs MODFETS.

Electrons in Gao.471n0.53As can reach a higher energy (.42-.55 eV) before
transferring to the heavy mass conduction band minima compared with
GaAs (.35-.36 eV). The exact values relevant to the upper conduction band
minima in the GalnAs have not been determined as yet. The electron peak group
velocity limit in Ga0.47ln0.53As is ~ 108cm/s. The heterojuction conduction
band offset between AllnAs and GalnAs is .52-.66 eV. Thus electrons might
reach their peak group velocity, or even a limiting upper conduction band
valley velocity without having enough energy to pass across the heterojunction
interface. In the case of the A1GaAs/GaAs heterojunction the upper valley
energy of .35-.36 eV in the GaAs does not 1imit the electrons from reaching
the less than .20 eV heterojuction barrier energy. In consequence electrons

in GaAs MODFET experience real space transfer into the AlGaAs, where their
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velocity is reduced sharply.

Progress
The major effort underway at UCSD during the past year has been concerned

with the installation and the initial checkout of the molecular beam epitaxial
deposition system.

A Grant of $257,000 provided by the U.S. Air Force Office of Scientific
Research under the Department of Defense - University Research Instrumentation
Program (FY 1983) to the University of California, San Diego in la Jolla, CA,
92093, was used as partial support for the purchase of a Molecular Beam
Epitaxial (MBE) Deposition Machine. Additional funds were provided by the
National Science Foundation, by UCSD intramural contributions, by the Powell
(private) foundation and a major equipment donation from Varian Associates for
a total of $471,000.

The MBE machine purchased, installed and presently in operation is a
modified Varian Associates Gen.II Machine without the low energy electron
diffraction and without the Auger surface spectrometer. The system is
superior to the older model Varian 360 but inferior to the Gen.II model which
is, however, more expensive by an estimated $300,000.

The machine was delivered in June 1984, However, some additional
components, primarily Knudsen effusion cells and a Quadrupole Mass Spectro-
meter, donated by Varian Associates were not delivered until July 1984, From
August through October initial checkout procedures indicated minor defects: an
out of round transfer rod, a broken heater filament in the substrate holder
and some defective linkage in the specimen loader. These were easily repaired
and from October 1984 through December 1984 we have gone through the initial

checkout procedures for growing epitaxial layers. During that period, twelve

gallium arsenide single crystal layers were grown on semi-insulating gallium
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arsenide substrates in the thickness range between 2.5 micrometers to 0.05
micrometers of excellent morphological characteristics.
| These undoped layers were found to be p-type with a typical hole density
of p = 2.49 x 1014/cm3 and a mobility wp = 334 cmZ/V-sec. Similar results
‘ were obtained by other researchers in the U.S., the U.K. and Japan; the p-
i doping is attributed to carbon monoxide contamination inherent in the MBE
growth chamber. Compensating these impurities was accomplished by doping the
layers during their growth with silicon. We have produced such lightly doped
n-type GaAs layers in the MBE chamber with an electron concentration,
n=1.88x 1015/cm3 and mobility, = 6.44 x 103 cmzv-sec. These values are
in excellent agreement with theoretical expectations and with the experimental
data of others using similar MBE machines.

From January 1985 through May 1985 we were engaged in further
qualification tests of the MBE machine intended to demonstrate its usefulness
to produce ternary alloys, heterojunctions and superlattices. We started with
the ternary alloy GaxAll_xAs because considerable, albeit empirical,
information is available on the parametric controls required for its synthesis
by MBE. The growth of ternary alloys is more complicated than that of binary
alloys. After a few false starts we managed to grow morphologically high
quality GaxAll_xAs layers by choosing optimum molecular beam flux ratios of
the constituents with a relatively moderate substrate temperature of 680°C.

We have also grown one GaAs/GaxAII_xAs superlattice structure made up of
50 alternating GaAs and GaxA11_xAs layers each 160 A in thickness. No
electrical or optical characterization of these layers has been made as yet.

This awaits completion of Hall effect apparatus and the construction of a

photoluminescence spectrometer presently underway at UCSD.
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During this time period we also encountered a severe problem with the MBE
system which, fortunately, has since been remedied. We discovered the
presence of water vapor in the MBE chamber and traced its origin to a hairline
crack which had developed in the water-cooling jacket of the titanium ball
sublimation pump. Fortunately, this was still under warranty; we received an
immediate replacement from Varian Associates and since its installations we
obtain, in a routine manner vacuum levels of the order of 10’10.

Since May 1985 we have been growing ternary alloy Gaxlnl_xAs epitaxial
layers on n-doped and on semi-insulating InP. We are trying to achieve the
right conditions for producing an exact lattice match between this ternary
alloy and its InP substrate, prevent outdiffusion of Fe from the SI substrate,
obtain an abrupt interface between the epilayer and its substrate and obtain
the maximum electron mobility consistent with doping concentration.

Thus far we have grown 0.50 um and 0.25 um thick 6a In,_  As Tayers with
both, x larger than and smaller than x = 0.47, in order to determine the
precise effusion cell temperatures and flux ratios for synthesizing the exact
conditions for the lattice matched composition. The unmatched epilayers
contain segmented misfit dislocations clearly visible using Normarski
interference microscopy. Well matched epilayers of Ga0.471n0.53As have now
been grown. They contain a few isolated morphological defects which appear to
be dislocation clusters.

We propose to continue to refine the MBE growth process in order to
eliminate the above described minor defects and then to proceed with the
optical, electrical and galvanomagnetic charactization of the Ga0.471n0.53As

epilayers. Thereafter, we propose to perform the same investigation on the

lattice matched In0.52A10_48As to their semi-insulating InP substrates.
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Publications and Patents

During the period of this contract the following publications and \

relevant patents have appeared:

1. Interface Constraints on MESFET and MISFET Architectures, by H. H. Wieder, )
Chapter V in VLSI Electronics: Microstructure Science, Surface and
Interface Effects in VLSI, edited by Norman M. Einspruch; Monograph,
Academic Press (1985) pp. 167-235. '

~-

2. U. S. Patent No. 4, 468, 851, Process for making heterojunction source-

drain insulated gate field effect transistors utilizing diffusion to form

the lattice; H. H. Wieder and A. R. Clawson. Date of patent: September 4, |

»

1984.
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Figure 1 Energy bandgap versus lattice constant for some III-V
compounds and their corresponding alloy systems.
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(57] ABSTRACT

An apparatus for end a method of making heterojunc-
tion source-drain insulated gate field-eftect transistors in
order to obtain higher gain-bandwidth products at mi-
crowave frequencies. A semi-insulating InP semicon-
ductor substrate is provided with a ternary alloy layer
of p-type Gaoa7lnps3As, or optionally, an acceptor-
doped p-type bulk of Gag47Ing.s3As can be substituted.
Troughs are shaped in the substrate and layer for re-
ceiving a material lattice-matched to the nt+ p-type
Gag 47Inp s3As to perferm as the source and drain
contacts, n+ doped InP might be a suitable material. An
optional method for forming the contacts calls for di-
recting a stream of phosphine and hydrogen onto
source and drain contact windows contacting the Gag..
47Inp 53As which is heated to 750° C. for atout 15 min-
utes. This creates graded heterojunction source and
drain contacts having a lattice-matching variable com-
position.

3 Quzims, 1 Drawing Figure
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1

PROCESS FOR MAKING A HETEROJUNCTION
SOURCE-DRAIN INSULATED GATE
FIELD-EFFECT TRANSIS10RS UTILIZING
DIFFUSION TO FORM THE LATTICE

STATEMENT OF GOVERNMENT INTEREST

The invention described herein may be manufactured
and used by or for the Government of the United States
of America for gov:rnmental purposes without the
payment of any royalties thercon or therefor.

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is related to an application filed Dec.
14, 1981 in the U.S. Patent and Trademark Office, Ser.
No. 330,283, by Herman H. Wieder entitled “Inversion-
Mode Insulated Gate Gag 47Ing s3As Field-Effect Tran-
sistor”.

BACKGROUND OF THE INVENTION

7 ‘This invention relates to the field of FETs having
improved higher frequencies and larger gain-bandwidth
capabilities. More particularly inversion mode opera-
tion between heterojunction contacts through a p-type
temnary alloy epilayer permits faster electron transit.

The only inversion mode field-effect transistors,
other than silicon devices, are those employing indium
phosphide or such as described by H. H. Wieder et al in
1IEEE Electron Device Letters, Vol. EDL-2, page 73
(1981) which are the basis of this invention.

The above cited related invention of H. H. Wieder
represents still another advance in the state-of-the-art
for improving the capability of the field-effect transis-
tor. It discloses the use of p-type Gapa7lnp.s3As in an
epilayer under an insulated gate electrode and touching
the source and drain contacts to help assure improved
operational capabilities.

Although U.S. Pat. No. 3,982,261 to George A. An-
typas discloses a quarternary alloy layer lattice-matched
to an InP substrate, his application has been used for
improving the responses of photocathodes and lasers.
The energy bandgap differences are utilized to enhance
the infrared sensitivity and to provide means for vary-
ing the operating wavelengths of a solid state laser.
Antypas does not appreciate the favorable properties of
the disclosed materials for use in a heterojunction field-
effect transistor.

The disclosure of the U.S. Pat. No. 4,186,407 con-
cerns the use of Gag 47lngs3As to fabricate avalanche
diodes intended to function as oscillators. The purpose
and intent of this patent also is distinct from that of
using heterojunction source and drain contacts and an
insulated gatc electrode for assuring improved opera-
tional characteristics of a ficld-effect transistor.

Thus, there is a continuing need in the state-of-the-art
for a heterojuncticn source-drain insulated gate field-
eflect transistor in which lattice-matching materials are
sdvantageously employed for the source and drain
contacts to assure improved operational capabilities.

SUMMARY OF THE INVENTION

The present invention is directed to providing a
method of making an inversion mode metal-insulator-
semiconductor field-effcct transistor having heterojunc-
tion source and drain contact junctions. First, there is
the providing of a semi-insulating semiconductor sub-
strate and a growing of a ternary alloy layer of p-type
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Gag.41Ing s3As epitaxially on a portion of the semi-
insulating semiconductor substrate. Next, there is the
coating of the exposed semi-insulating semiconductor
substrate and the ternary alloy layer with a dielectric.
Opening source and drain contact windows through the
dielectric coating that are in contact with the ternary
ai. y layer permits the depositing of a material lattice-
matched to the p-type ternary alloy layer through the
source and drain contact windows to form the hetero-
junction source and drain contacts. Superposing a metal
gate electrode on a dielectric layer covening the ternary
alloy layer in a region lying between the heterojunction
source and drain contacts allows potcntial variations to
produce an inversion mode control of the electron flow
between the heterojunction source and drain contacts.

The prime object of the invention is to provide an
improved method of fabricating a field-effect transistor.

Still another object is to provide a method for fabri-
cating a heterojunction field-effect transistor.

Still another object is to provide & method for fabri-
cating a heterojunction field-effect transistor employing
an epitaxial grown p-type Gag47lno.<3As layer on a
semi-insulating semiconductor substrate.

A further object is to provide a field-effect transistor
having negligibly small currents due to the inclusion of
heterojunction source and drain contacts.

Another object of the invention is to provide a
method for fabricating a heterojunction field-effect
transistor having the possibility for optical excitation of
either heterojunction and optically-induced modulation
coupled to the transistor action of the inversion-mode
metal-insulator-semiconductor field-effect transistors.

Another object is to provide a method of making a
beterojunction field-effect transistor having the capabil-
ity for high frequency and microwave response due to
the high transconductance and the prevention of minor-
ity carrier injection into the larger bandgap InP by the
boles in the Gao47Ing.s3As epilayer.

These and other objects of the invention will become
more readily apparent from the ensuing description and
claims when taken with the appended drawings.

BRIEF DESCRIPTION OF THE DRAWING

The drawing depicts a representative embodiment of
a heterojunction inversion-mode metal-insulator-semi-
conductor field-effect transistor fabricated in accor-
dance with the teachings of this inventive concept.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring now to the drawing, a representative
heterojunction source-drain insulated gate field-effect
transistor 10 is depicted having a semi-insulating InP
substrate 11 on which an epitaxial layer 12 of the p-type
ternary alloy Gag47Ing s3As is grown. Its thickness may
be of the order of scveral microns; however, the exact
thickness is of no consequence since, instead an accep-
tor-doped p-type bulk Gap42Ing s3As might be used.

Photolithographic and etching techniques are used to
make shallow troughs in the semi-insulating InP into
which n+ doped InP source and drain contacts 13 and
14 are deposited by a chemical vapor-phase transport
rcaction. This procedure makes symmetrical or asym-
metrical n+ —p heterojunction contacts at the source
and drain clectrodes. 1t is to be noted that an essential
feature in this regard is that the ternary alloy epilayer is,
in fact, in contact with both the source and drain

P
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contacts which are, optionally given a contact mctaliza-
tion layer 132 and 14a to enhance electrical coupling
with other circuit components.

In order to prevent deposition of InP on the rest of
the Gag47Ino s3As, a silicon dioxide or silicon nitride
coating 15 is dcposited to a 1.0 micron thickness by a
low temperature pyrolysis process. Specific windows
130’ and 144" are opcned in the diclectric coating to
form specific windows for the deposition of the source
and drain junctions 13 and 14. The windows are opened
through the dielectric layer by any of several well
known procedures, for example, one employing reac-
tive sputtering or a similar technique.

Optionally, the heterojunctions between the source
and drain contacts and the p-type ternary alloy epilayer
can be made not only by the epitaxial growth by chemi-
cal vapor-phase techniques of n+InP as described
above. Having the windows exposed to a stream of
phosphine and hydrogen while the Gag«ilnosiAs is
heated to approximately 750° C. for about 15 minutes
starts a chemical reaction. Since the vapor pressure of
phosphorus is considerably greater (by about one order
of magnitude) than that of arsenic, a chemical reaction
takes place at the surface of the ternary alloy which
produces a graded heterojunction in the source and
drain contact windows. The composition of the hetero-
junction may vary from that of InP through the quater-
nary alloy In,Gaj.xAs,Pi—y up to the ternary alloy
Gap47ing s3As. In either case the source and drain
heterojunction are reverse biased with respect to the
epitaxial layer or the bulk substrate and no current
flows between them.

Gate dielectric layer 16, usually silicon dioxide in the
order of 0.05 microns to 0.15 microns in thickness, is
deposited upon the region between the source and drain
contacts. Adequate care is required so that the surface
of the Gag47Iny s3As is not perturbed. That is, its stoi-
chiometry is preserved and its structure and morphol-
ogy are not altered by the gate dielectric deposition
process. .

A metal electrode 17, usually aluminum, although
other materials may be equally suitable, is used as the
gate electrode and is superposcd on the gate dielectric
layer. The surface of the Gag47lng s3As layer under the
gate is normally slightly depleted. A positive potential
spplied to the gate electrode vis-a-vis the ternary alloy
attracts electrons to the surface. In other words, the
positive potential creates a surface inversion layer on
the p-type GaoarlngsiAs which is isolated from the
p-type bulk by an intermediate depletion region. The

- isolated surface layer produces a conductive channel
between the source and drain n+ doped regions and the
degree of deplction is a function of the potential applied
to the gate. Thus, the gate poiential modulates the con-
ductance between the source and drain electrodes pro-
ducing FET action.

The source and drain hcterojunctions optionally are
made of other materials which are lattice-matched to
Gag47Inp s3As yet have a larger bandgap. A typical
material is the ternary alloy Alnaglng s2As witich has a
large bandgap of 1.46 eV and is lattice-matched to InP
as well as to Gag 47Ing s3As.
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The reasons for using an inversion mode transistor
based on the ternary alloy rather than some other mate-
rial are described in detail in the above referenced pend-
ing patent application and intend to take full advantage
of the specific high electron velocity of the Gag47Ing.
$3As. Such a device might have power gain at frcquen-
cies much higher than presently available devices.

Specifically, the heterojunction source and drain
contacts fabricated as described above will have a negli-
gibly small current between the source and drain for
large sOurce-drain voltages of the order of 10 volts with
a source-to-drain spacing of about four microns and for
a gate voltage V,=0. In addition, currents in the order
of miliamps for V, between one volt and ten volts are to
be expected and the possibility of optical excitation of
either heterojunction and optically-induced modulation
of the heterojunction coupled with the transistor action
of the I-MISFET also are realizable. High frequency
and microwave response due to the high transconduct-
ance of the disclosed transistor and the prevention of
the minority carrier injection into the larger bandgap
InP by the holes in the Gag.41lng s3As are expected.

Obviously many modifications and variations of the
present invention are possibie in the light of the above
teachings. It is therefore to be understood that within
the scope of the appended claims the invention may be
practiced otherwise than as specifically described.

What is claimed is:

1. A method of making an inversion mode metal-
insulator-semiconductor field-effect transistor having
heterojunction source and drain contact junctions com-
prising:

providing a semi-insulating InP semiconductor sub-

strate;
growing a ternary alloy Jayer of p-type Gapazlnp.
53As epitaxially on a portion of the semi-insulating
InP semiconductor substrate;

coating the exposed semi-insulating semiconductor
substrate and the ternary alloy layer with a dielec-
tric;

opening source and drain contact windows through

the diclectric coating and in contact with the ter-
nary alloy layer;
exposing the open source and drain contact windows
to a strcam of phosphine and hydrogen while heat-
ing the p-type Gap47Ino.s3As to about 750° C. for
about 15 minutes to create a chemical reaction at
the surface of the p-type Gag.a7Ino s3As producing
a graded index heterojunction composed of InP
through In;Gaj—xAs,Pi—y to Gag.¢7lng s3As; and

superposing a metal gate electrode on the diclectric
coated ternary alloy layer in a region lying be-
tween the heterojunction source and drain
contacts.

2. A method according to claim 1 in which the steps
of providing 2 semi-insulating InP semiconductor sub-
strate and the growing of a ternary alloy layer are elimi-
nated and in place of the layered structure an acveptor-
doped p-type bulk Gao47Ing s3As is utilized.

3. A method according to claim 2 in w!.ich the step of
opening includes a sputter etching of the dielectric

layer. B
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